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Abstract 
In tropical climates, a rising demand for active air-conditioning leads to a strong increase of electricity consumption. Compared 
to the energy demand for the sensible cooling of air the high humidity (in the order of 20 g water per kg dry air) in the tropics 
results in a significantly high air-dehumidification load. Handling the dehumidification load and sensible cooling load separately 
can reduce the electricity demand for air-conditioning considerably if the dehumidification is driven by heat energy (e.g. solar 
thermal or waste heat) instead of electricity. 
At the Solar Energy Research Institute of Singapore (SERIS), an experimental two-stage air-dehumidification system consisting 
of a membrane unit and an adsorption based desiccant unit, has been installed and analysed. The membrane unit pre-dehumidifies 
the ambient air, which is then further dehumidified and simultaneous evaporatively cooled by an Evaporatively COoled Sorptive 
(ECOS) dehumidification and heat exchange unit. The aim of this study is to evaluate the dehumidification performance of the 
two-stage air-dehumidification system under tropical climate conditions and different operating parameters such as air flow rate 
and regeneration air temperature. A numerical model was developed for the ECOS and the membrane unit in MATLAB which 
was then coupled with TRNSYS software in order to create a model for the two-stage dehumidification system. 
The results of our investigations show that the two-stage system is able to dehumidify ambient air by 8 to 10 g water per kg of 
dry air under the warm and humid climate conditions of Singapore.  Thermal COP of up to 0.6 was obtained.  
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1. Introduction 
Air-conditioning systems for tropical climates have to remove both sensible and latent loads from the ambient air. 
However, satisfying this need using conventional cooling systems leads to high electricity consumption. This is 
mainly due to the applied method of cooling the air to below the dew point in order to reach the necessary 
dehumidification. Alternatives are dehumidification systems that are based e.g. on sorption or adsorption of water 
contained in the air or membrane processes. The latter is driven by the humidity gradient between the supply air and 
the (relatively dry) exhaust air from a building. For sorption or adsorption processes, either solid or liquid desiccant 
(sorbent) material can be used to dehumidify the ambient air. The sorbent can be regenerated by heat energy – e.g. 
solar thermal or waste heat. 
At the present, the most commercially available standard solid desiccant dehumidification systems  are  rotor 
based systems in which the solid desiccant material is impregnated on a rotary wheel [6]. Stationary desiccant 
systems comprising of two adsorption units were also designed [7]. These solid desiccant systems have the limitation 
of an increased temperature during the dehumidification process. In order to compensate for this effect, an indirect 
evaporative cooling unit has been proposed. The cooling unit was installed after the rotary desiccant 
dehumidification system as a separate unit in order to cool down the warm dehumidified  supply air [8–10].  
Although the supply air temperature is reduced considerably by this evaporative cooling unit, the adsorption 
efficiency of the desiccant bed is still low due to high desiccant bed temperature. To solve this problem, SERIS in 
collaboration with Fraunhofer-ISE coupled evaporative cooling and adsorption process in a single unit called 
“Evaporative COoled Sorptive dehumidifier (ECOS)”. The experimental analyses by SERIS [11] and by Fraunhofer-
ISE [12] showed that the ECOS unit can dehumidify the ambient air in order of 4 to 6 g moisture per kg of dry air 
under the warm and humid climate conditions of Singapore. In order to enhance the dehumidification performance, a 
pre-dehumidification system has been introduced. The additional dehumidification is performed by a membrane 
based-dehumidification system that demands almost no electric energy except for air transport.  
The main purpose of this research work is to evaluate the performance of the two-stage dehumidification system 
including the membrane and ECOS units for different operating parameters such as air flow rates and regeneration 
temperatures under warm and humid climate conditions. These analyses provide valuable information on the 
development of air-dehumidification systems for practical application in the tropics. 
 
Nomenclature 
ሶܳ  Heat (ܹ݇) 
ሶ݉  Mass flow rate (݇݃ ݏΤ ) 
݄ Specific enthalpy (݇ܬ ݇݃Τ ) 
ܥܱܲ Coefficient of performance (-)  
݊ Number of data 
2. System description and experimental set-up 
Fig. 1 presents a two-stage solar assisted dehumidification system integrated with a sensible cooling system 
(consisting of an efficient chiller unit and active chilled beams). The main principle of this system is based on the 
separation of the latent and sensible loads; in which the latent load is removed in the two-stage dehumidification 
process, and the sensible load is treated by the sensible cooling system. In the first stage, the ambient air is pre-
dehumidified and pre-cooled by the membrane unit, and it is further dehumidified by the desiccant dehumidification 
unit. The dehumidification in the membrane is driven by the humidity gradient between the ambient air and the 
dehumidified cooled return air from the conditioned room. The return air from the membrane is discharged to the 
ECOS unit for an evaporative cooling process inside the ECOS unit. Solar thermal heat energy is used for the 
regeneration of the sorption material of the ECOS unit. 
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Fig. 1. Schematic diagram of the solar-assisted air-conditioning system installed at SERIS. MU stands for membrane unit, ECOS stands for 
Evaporatively COoled Sorption dehumidifier and HX stands for heat exchanger. 
2.1. Evaporatively COoled Sorption (ECOS) unit 
The adsorption dehumidification system involves two evaporatively-cooled sorptive material coated air 
dehumidification units as shown in Fig. 2.  Each dehumidification unit consists of two channels - one represents the 
process channels and another represents the cooling channels, which are coupled by a thermal conductor (aluminium 
plate). The sides of aluminium plates in the process channels are coated with silica gel particles (Grace 123B).  
During the adsorption process (Fig. 2.a), ambient air flows through the process channels in which water vapour is 
adsorbed from ambient air onto the surface of the desiccant material (silica gel). This process leads to air 
dehumidification. At the same time, adsorption heat is released, which would increase the silica bed temperature. 
Higher temperature of the adsorption material however reduces the adsorption efficiency. In order to overcome this 
problem, an evaporative cooling takes place in the cooling channels to dissipate the generated adsorption heat in the 
desiccant bed, as shown in Fig. 2.a. After a period of time, the adsorption efficiency of the desiccant bed is reduced 
once the adsorption material reaches saturation. In order to have a continuous dehumidification process, an 
alternating second ECOS unit is used that regenerates the desiccant material (see Fig. 2.b), while the first one is in 
dehumidification mode. After the regeneration process, the hot silica bed needs to be cooled in order to be prepared 
for the next adsorption process. This pre-cooling process (Fig. 2.c) uses ambient air. 
 
(a) 
 
(b) 
 
(c) 
 
Fig. 2. Schematic of the Evaporatively COoled Sorption dehumidifier (ECOS) (a) adsorption and evaporative cooling processes in process and 
cooling channels, respectively; (b) regeneration process in the process channels; (c) pre-cooling process in the cooling channels. 
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2.2. Membrane based-dehumidification unit 
The principle of a membrane based moisture and heat exchanger is shown in Fig. 3. A humid primary air stream 
and a relatively dry and cool secondary air stream enter the unit on either side of a membrane layer. The moisture 
permeation and heat transfer takes place between the primary air and secondary air through the membrane due to 
water vapor concentration and temperature difference between these two air flows, respectively. 
 
 
Fig. 3. Principle of a membrane based moisture and heat exchanger. 
2.3. Experimental set-up 
The experimental setup was designed and installed at the Solar Thermal Laboratory in SERIS to investigate the 
dehumidification performance of the two-stage dehumidification system. The dimensions of the ECOS and 
membrane units are summarised in Table 1 and Table 2.  
Three air fans were used to supply ambient air, return air and hot regeneration air to the membrane and ECOS 
units. Twelve pneumatic powered dampers were used to control air flow directions in two adsorption units. Timing 
for closing and opening dampers during adsorption, regeneration and pre-cooling processes were set by a control 
system. During experiments, nine RH (relative humidity) and RTD (resistance temperature detector) sensors were 
used in order to measure the relative humidity and temperature respectively. In addition, air flow rates of three air 
streams were measured using air flow meters.  
Table 1: Dimensions of each ECOS unit 
Parameter Unit Value 
ECOS Height/ Length/ Width m 0.4/0.4/0.4 
Number of process/cooling channel - 35/34 
Total adsorption bed surface m² 10.6 
Thickness sorption material mm 1.0 - 1.20 
Free flow width process/cooling channel mm 3.6 - 4.0/5.0 
Table 2. Parameters of the membrane moisture exchange unit 
Parameter Unit Value 
Membrane Height/ Length/ Width ݉ 0.37/0.34/0.34 
Area of each membrane barrier ݉ଶ 0.13 
Number of membranes െ 77 
Total area of membranes ݉ଶ 10.0 
Height of each air channel ݉݉ 2 
986   M. Reza Safi zadeh et al. /  Energy Procedia  48 ( 2014 )  982 – 990 
3. Simulation and model validation of the two-stage dehumidification system 
The two-stage dehumidification system, including membrane and ECOS units was simulated and experimentally 
validated in order to evaluate the dehumidification performance of the system. A mathematical model with transient 
mass and heat transfer equations [13–15] for the ECOS unit was developed in MATLAB  based on finite difference 
approaches. The detailed description of the adsorption process in the desiccant bed is provided in [13–15]. The 
ECOS model was validated by experimental data under periodic operating conditions. The validated model for the 
ECOS is transferred to TRNSYS-Type1 by coupling the MATLAB and TRNSYS 17.1 software. For the membrane 
modeling, a combination of existing Types of TRNSYS [16] was used. Finally, a model for the two-stage 
dehumidification system is created by combining the validated ECOS model with an existing TRNSYS’s membrane 
model. 
Comparison of model calculations and experiments: Fig. 4 shows the comparison between simulation and 
experimental data for the two-stage dehumidification system. The experimental operating conditions for the periodic 
operation of the adsorption system are listed in Table 3. Simulations were run the time-resolved data of the given 
ambient, regeneration and return air. The outputs of the calculations are time series of the dehumidified supply air 
(shown in black). There is a reasonable agreement between simulation (in dash blue) and experimental results (in 
black) for all four cycles. Additionally, despite the difference between the simulation and experimental data in each 
cycle (shown in Fig. 4), the diferences between the average values of experimental data (shown in dash green) and 
simulation data (not shown in Fig. 4) over the 60 min for the outlet air humidity ratio and temperature are 0.4 gv/kgair 
and 0.2 Ԩ, respectively, which can be neglected. 
As it can be estimated from Fig. 4, the water content of the ambient air (outlined in dashed magenta line) is 
removed in the pre-dehumidification process by the membrane unit in average up to 4 gv/kgair. In the next step, this 
pre-dehumidified process air (dashed red line) is further dehumidified by each ECOS unit in the order of 3 to 10 
gv/kgair in each ͳͷ cycle which is shown in dashed blue color line. The average dehumidification performance 
by the ECOS unit (up to 5 gv/kgair) is shown as a difference between dashed red and green lines. A total average 
dehumidification up to 9 gv/kgair is achieved by the two-stage dehumidification system under Singapore climate 
condition and the experimental operating conditions listed in Table 3. 
Table 3. Experimental operating conditions 
Parameter Value 
Cycle time Adsorption: 15 min / Regeneration: 13min / Pre-cooling: 2min 
Supply/return/regeneration air flows 200 m3/h 
Regeneration air temperature 85Ԩ 
 
 
 
1 Each Type is described by a mathematical model in the TRNSYS simulation (http://www.trnsys.com/). 
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(a) 
 
(b) 
  
Fig. 4. Comparison between the simulation (dashed blue line) and experimental (black line) data for the process air at the outlet after 
dehumidification in the membrane unit and the ECOS units (regeneration temperature ͺͲԨ and air flow rate 200 m3/h). The comparison for the 
outlet process humidity ratio is shown in (a) and the outlet process air temperature in (b). The total operation time for 2 cycles in each ECOS unit 
is 60 min. 
4. Parametric performance evaluation 
The dehumidification performance of the two-stage dehumidification system was evaluated for different 
combinations of air flow rate and regeneration temperature (65Ԩ, 75Ԩ, 85Ԩ) using similar experimental inlet 
(ambient), return and regeneration air flow rates as given in Table 3. 
The dehumidification performance is illustrated for different combinations of air flow rates and regeneration 
temperature in Fig.5. The blue bars represent membrane dehumidification, while the red bars show the ECOS 
dehumidification. As can be observed from Fig. 5, the dehumidification performance of the membrane unit is 
increased by lowering the air flow for ambient and return air. This result is also consistent with a recently published 
paper [17].  In addition, raising the air flow rate can elevate the ECOS performance. This is because, raising the air 
flow rate increases the convective mass and the heat transfer effect, which results in better adsorption and 
regeneration processes. 
From Fig. 5 it is also observed that with the increase of the regeneration temperature, the ECOS dehumidification 
performance increases. The reason is that, the higher regeneration air temperature desorbs more moisture from the 
desiccant bed. 
  
 
Fig. 5. Simulated dehumidification performance of the two-stage dehumidification system (membrane + ECOS units) for different regeneration 
temperatures (͸ͷԨ to ͺͷԨ) and different air flow rates (ͳͲͲ to 300 m3/h). 
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The performance of dehumidification system was also characterised by the removed energy and the thermal 
coefficient of performance (COP). The removed energy of the system is defined as the difference between the 
enthalpy of ambient air entering the system and the enthalpy of supply air leaving the system (Eq. 1). Therefore, 
both dehumidification (latent cooling) as well as the temperature reduction (sensible cooling) of ambient air 
determines the removed energy. Additionally, the thermal coefficient of performance of the dehumidification system 
is calculated as the ratio of the removed energy to regeneration heat (Eq. 3). The required heat for the regeneration 
process is calculated based on the enthalpy difference between the regeneration air after the heat exchanger (shown 
in Fig. 1) and the ambient air (Eq. 2).  
  
  , ,1n i i  ambient air iremoved  energ  supply airiy m h nQ h  ¦  (1) 
 
  , ,1n i i  regeneration airre i  agen mbieration ent airi m h h nQ   ¦  (2) 
 
removed  energtherma y regeneration l QOP QC   (3) 
 
Fig. 6 and Fig. 7 show the removed energy and thermal COP of the two-stage dehumidification system as a 
function of the same parameters as with the dehumidification performance shown in Fig. 5. 
As shown in Fig. 6, the removed energy is seen to increase with the rise of the air flow rate and to decrease with 
increase of the regeneration air temperature. The effect of the air flow rate and the regeneration air temperature on 
the removed energy can be explained by the effect of these factors on the latent and sensible loads, separately. As it 
was shown in Fig. 5, increase in the air flow rate elevates the dehumidification performance in ECOS which results 
in better latent cooling performance. Additionally, the removed sensible load from ambient air is higher for higher 
flow rates ( ሶܳ ௦௘௡௦௜௕௟௘ ൌ ሶ݉ ܿοܶ). Therefore, the total removed latent and sensible load by ECOS unit increases with 
increasing flow rate, which finally results in enhanced removed energy and subsequently a better COP (see Eq. 3 
and Fig. 7). Furthermore, if the pre-cooling effect is not enough the higher regeneration air temperature results in 
higher desiccant bed temperature and consequently in lower adsorption capacity of the desiccant material. As a 
result, the dehumidification (latent cooling) of supply air is decreased due to elevated regeneration air temperature. 
Additionally, the increased desiccant bed temperature raises the supply air temperatures (sensible load). So that, the 
enthalpy of supply air (sum of sensible and latent load) is enlarged for higher regeneration temperature which results 
in lower removed energy (see Eq. 1). 
Besides, as can be seen in Fig. 7, the thermal COP of system decreases for increased regeneration temperature. It 
can be explained by Eqs. 2 and 3 in which the removed energy is lower and also the required regeneration heat is 
higher for higher regeneration temperature. 
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Fig. 6. Simulated removed energy (sum of latent and sensible loads) of the two-stage dehumidification system for different regeneration 
temperatures (65Ԩ to 85Ԩ) and different air flow rates (100 to 300 m3/h). 
 
 
Fig. 7. Simulated thermal COP of the two-stage dehumidification system, for different regeneration temperatures (65Ԩ to 85Ԩ) and different air 
flow rates (100 to 300 m3/h). 
5. Summary 
The performance of the two-stage dehumidification system at SERIS thermal laboratory is evaluated. Three 
figures of merit were applied: the dehumidification performance (Fig. 5), removed energy (Fig. 6) and thermal COP 
(Fig. 7). As it was observed, all three characteristics are notably influenced by two operational parameters: air flow 
rate and regeneration temperature. In summary, based on simulation results some points can be highlighted: 
x The two-stage dehumidification system can dehumidify ambient air in the order of 8-10 gv/kgair. 
x The optimal COP (Eq. 3) can be as high as ͲǤ͸ has been found under the following conditions: air flow rate: 200 
m3/h and regeneration temperature: 65ԨǤ The COP may be higher for other operating conditions and other 
design and/or material parameters of the two dehumidification sub-units. 
x The dehumidification performance of the membrane unit increases by lowering the ambient and return air flow 
rate. 
x The dehumidification performance of the ECOS unit is elevated by increasing the air flow rate and the 
regeneration air temperature. 
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x The removed energy of the ECOS unit increases with the increase of the air flow rate and decreases slightly by 
rising regeneration air temperature. 
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